Adenylyl cyclase (AC) is a key enzyme for producing for cAMP that is the second messenger for intracellular signal transduction in various kinds of cells. Several reports have shown that AC may play an important role in learning and memory function. For example, Guillow et al. have shown the enhancement of AC activity after learning in the barpressing task, 1) and an increase in Ca 2ϩ -sensitive AC activity after a spatial learning test.
Fifteen hours after the operation, the neurological deficits of microsphere-embolized (ME) rats were scored on the basis of paucity of movement, truncal curvature, and forced circling during locomotion, which were considered to be typical symptoms of stroke in rodents. 19, 20) The score of each item was rated from 3 to 0 (3, very severe; 2, severe; 1, moderate; 0 normal). Animals with a total score of 7-9 points were used in the present study.
Treatment with Nefiracetam After examination of stroke-like symptoms of microsphere-injected rats at 15 h after the operation, the animals were randomly divided into the two groups. Nefiracetam at a dose of 10 mg/kg, suspended with 0.5% carboxymethyl cellulose, was administered into the stomach by gavage, and the administration was continued up to 10 d after the operation. The vehicle was administered to the untreated group. The dose employed in the present study was based on findings described by others, 5) and our dose-response measurements were assessed in a preliminary study: treatment with 3 mg/kg/d, p.o., shortened the escape latency to a lesser degree than that with 10 mg/kg/d. The water maze test and the examination of biochemical variables were conducted at least 2 h after daily administration of the agent.
Water Maze Task Water maze task of the ME and Sham rats was examined as described previously. 17) Briefly, the animals were released into a circular pool with a diameter of 1.7 m, which was filled with a 30 cm depth of water at 23°C. When the rat reached the platform, it was kept there for 30 s. The test was started from day 7 to day 10 after the operation, since the neurological deficits described above were appreciably attenuated by day 7. The visible platform test was performed on day 11 to ensure that animals had no visual, motor, and sensory deficits that would impede learning. Three out of 19 ME rats (2 for the ME group and 1 for nefiracetam-treated ME (MN) group) were eliminated due to failure to reach the platform in 60 s in the visible platform test. A video tracking device designed to track an object in the field automatically collected data (BAT-2, Neuroscience Co., Tokyo). Escape latency (the time to reach the platform) and swimming speed (the distance the animals swam divided by escape time) in the water maze task were determined for each trial with a behavioral tracing analyzer (TARGET/2, Neuroscience Co.).
Isolation of Membrane Fraction
To determine the cerebral Gs and Gi proteins or to measure adenylate cyclase activity after the water maze task on day 11, the membrane fraction was prepared according to the methods of McMahon with minor modification. 21, 22) After the visible platform test on day 11, the animal was lightly anesthetized with diethylether and sacrificed by decapitation. The head was immersed in liquid nitrogen for 10 s (near freezing). The right and left hemispheres were isolated and separated into the cerebral cortex, striatum, and hippocampus under ice cooling. Each tissue was placed into 5 volumes of cold buffer (20 mM 2-[4-(2-hydroxyethyl)-1-piperazynylsulfonyl fluoride, 0.3 mM phenylmethylsulfonyl fluoride, 0.25 M sucrose, 1 mM dithiothreitol, 1 mM ethylene glycol-bis(b-aminoetyl ether)-N,N,NЈ,NЈ-tetraacetic acid, pH 7.40, and then homogenized with a Potter homogenizer at a setting of 1000 rpm for 4 min (12 strokes). The homogenate was centrifuged at 1000ϫg at 4°C for 10 min. The supernatant fluid was centrifuged at 100000ϫg at 4°C for 20 min. The supernatant fluid after centrifugation was discarded, and the pellet was resuspended in the above buffer to a protein concentration of 0.5 mg/ml. The protein concentration was determined by the method of Bradford with bovine serum albumin as a standard.
23) The membrane preparations were stored at Ϫ80°C until determination for Gs and Gi proteins or measurement of AC activity.
Cerebral Gs and Gi Proteins Western blotting analysis of G proteins was performed as described previously. 22) Membrane proteins (10 mg protein) were electrophoresed on a 10% sodium dodecylsulfate (SDS)-polyacrylamide gel. For the Western blotting assay, the proteins were transferred to polyvinylidene difluoride membranes (Immobilon, Millipore Co., Bedford, MA, U.S.A.). The membranes for analysis of Gsa and Gi 1/2 a were then incubated with a 1 : 10000 dilution of antibody RM/1 and a 1 : 10000 dilution of antibody AS/7 (Daiichi Pharm., Tokyo), 24) respectively, in phosphatebuffered saline (PBS) containing 10% Block Ace (Dainippon Pharm., Osaka, Japan) and 0.1% Tween 20. The membrane was subsequently washed in PBS containing 10% Block Ace and 0.1% Tween 20, and incubated for 1 h at room temperature with horseradish peroxidase-conjugated goat anti-rabbit IgG 1 (Sigma Chemical Co., St. Louis, MO, U.S.A.) at a dilution of 1 : 4000 in PBS containing 10% Block Ace and 0.1% Tween 20. Next, the membrane was washed three times with PBS for 10 min and placed in enhanced chemi-luminescence immunoblotting detection reagent (Amersham, Buckinghamshire, U.K.). The blots were finally exposed to X-ray film. Scanning of visualized immunoreactivity was performed on a scanner (ES-2000, EPSON, Tokyo, Japan). Data were processed with NIH image software.
Adenylyl Cyclase Activity Cerebral AC activity was determined using an isolated membrane fraction according to the modified method of Yoshida et al. 22) Isolated membrane was incubated for 5 min at 37°C in a reaction buffer with the following composition: 100 mM NaCl, 5 mM MgCl 2 , 0.5 mM Mg ATP, 2 mM creatine phosphate, 1 mM isobutylmethylxanthine, 50 mM glycylglycine (pH 7.4), 20 mg/ml creatine kinase, 0.1 mg/ml myokinase (basal activity). The reaction was terminated by the addition of 60% (w/w) HClO 4 and centrifuged at 10000ϫg for 10 min at 4°C. The supernatant fluid was neutralized with 2.5 M K 2 CO 3 and then centrifuged again at 10000ϫg for 10 min. cAMP produced by AC during the incubation was determined using a commercially available kit (Biotrak TM , Amersham) as described previously. 22) AC activity was expressed as pmol cAMP/min/mg protein.
Stimulation of AC activity was conducted by incubation in the presence of 10 mM colforsin daropate (Col). In a preliminary experiment, AC activity in the membrane fraction isolated from normal rats was determined in the presence of various concentrations of Col ranging from 1 to 100 mM (Fig.  1) . When the membrane fraction was incubated with 10 mM Col, AC activity revealed the submaximal activity in the cerebral cortex, striatum, and hippocampus. Therefore, in the present study, we employed 10 mM Col to stimulate adenylate cyclase in the isolated membrane.
Statistics The results are expressed as meansϮS.E.M. The numbers of different preparations are indicated in the legends. Statistical significance of difference in the escape latency, G proteins, and AC activity was estimated using twoway analysis of variance (ANOVA) followed by Scheffe's multiple comparison. Statistical differences in the time required to reach the platform and the distance traveled in the visible platform test between ME and Sham rats were evaluated by Student's t-test. Differences with a probability of 5% or less were considered to be statistically significant (pϽ0.05).
RESULTS

Changes in Body Weight
Changes in body weights of the sham-operated, nefiracetam-treated sham-operated, ME and nefiracetam-treated ME rats are shown in Fig. 2 . The operated animals showed a decrease in the body weight on days 1 to 3. Thereafter, the body weights gradually increased with time after the operation. There were significant differences in body weight between the sham-operated and microsphere embolized groups (two-way ANOVA followed by Scheffe's ttest). Treatment with nefiracetam did not enhance significantly body weight gain.
Escape Latency in the Water Maze Task Figure 3 shows the escape latency in the water maze task of the ME and Sham rats on days 7 to 10 after the operation. The time to reach the goal in the water maze test was markedly shortened from the 2nd trial of day 7 in the Sham rat. Although the time to reach the goal in the ME rat was also shortened at the 3rd trial of day 7, the degree of time shortening was smaller than that of the Sham group. In all trials of days 8 to 10, the escape latency of the ME group was always longer than that of the Sham group. When the ME rat was treated with nefiracetam, the escape latency shortened from the 3rd trial of day 7 to the final trial of day 10. The escape latency of the Sham rat treated with the agent was similar to that of the untreated Sham rat.
G Proteins Table 1 shows changes in Gsa and Gi 1/2 a proteins in the cerebral cortex, striatum, and hippocampus of the right hemisphere of the ME and Sham rats. The Gsa protein in these regions of ME rats was similar to that of Sham rats. Gsa protein content of the ME and Sham rats was not affected by treatment with nefiracetam. There were no changes in Gsa protein content in these regions of the left hemisphere, regardless of microsphere embolism or shamoperation, or treatment with or without the agent.
The cerebral Gi 1/2 a protein in the three regions of the ME rat was similar to that of the Sham rat. Gi 1/2 a protein content of the ME rat and the Sham rat was not affected by treatment with nefiracetam. There were no changes in Gi 1/2 a protein content in these regions of the left hemisphere, regardless of microsphere embolism or sham-operation, or treatment with or without the agent.
Basal AC Activity Figure 4 shows changes in the basal AC activity of the cerebral cortex, striatum, and hippocampus of the ME and Sham rats. In the ME rat, the striatal AC activity decreased to approximately 50% of the Sham rat, whereas the cerebrocortical and hippocampal AC activities of the ME rat were similar to those of the Sham rat. There were no changes in AC activities in the three regions of the left hemisphere, regardless of whether they were ME or Sham rats.
When the ME rats were treated with nefiracetam, the stri- Membrane fractions were isolated from the cerebral cortex, striatum, and hippocampus of the normal rat. When the membranes were incubated with 10 mM colforsin daropate, the enzyme activity in each region revealed submaximal activity. Each value represents the meanϮS.E.M. of 7 animals. Analysis of the data by twoway ANONA, followed by Scheffe's t-test, showed significant differences only between sham-operated and microsphere-embolized animals (pϽ0.05). The escape latency was determined from day 7 to day 10 after the operation. Each value represents the meanϮS.E.M. of 7 animals. * Significantly different from the corresponding untreated group (pϽ0.05). atal AC activity reversed to the level of the enzyme activity of the Sham rat. However, treatment of the ME rat with the agent did not alter the cerebrocortical and hippocampal AC activity. Treatment of the Sham rat with the agent also did not affect the AC activity in the three regions. Figure 5 shows changes in Col-stimulated AC activity of the cerebral cortex, striatum, and hippocampus in the right hemisphere of the ME and Sham rats. In the presence of 10 mM Col, the AC activity of the cerebral cortex in the Sham rat was approximately 18-fold that of the basal activity. The degree of Col-induced increase in the enzyme activity of the other two regions of the Sham rat was similar to that of the cerebral cortex. In contrast, when the membrane fraction of the ME rat was incubated in the presence of Col, the degree of increase in the AC activity in the cerebral cortex, striatum, and hippocampus was approximately 10-, 8-, and 10-fold that of the corresponding basal activity.
AC Activity in the Presence of Colforsin Daropate
When the ME rat was treated with nefiracetam, the AC activities in the cortex and hippocampus in the presence of Col were increased to a level similar to that of the Sham rat, respectively. The striatal AC activity in the ME rat was increased to approximately 85% of the Sham levels by the presence of Col. Treatment of the Sham rat with the agent did not affect the AC activity in the three regions in the presence of Col.
DISUCUSSION
In the present study, ME-induced sustained cerebral ischemia impaired the learning and memory function of rats, similarly to previous observations. 17, 18) This memory dysfunction was improved by daily treatment with nefiracetam starting from 15 h after the operation. As described in the Introduction, several investigators have proposed a possible nootropic effect of nefiracetam in various amnesic animals using the passive avoidance test upon simultaneous treatment or pre-treatment with nefiracetam. The present study has provided evidence for more profound improvement of the spatial memory function in a water maze test. This may be another profile of this agent concerning learning and memory function of the sustained ischemic animal.
We found that the basal AC activity in the striatum was higher than that in any other brain region examined, and that the basal AC activity in the striatum of the ME rat on day 11 after the operation was decreased, whereas the cerebrocortical and hippocampal basal activities were not altered. Presumably, high AC activity in the striatum is due to the presence of dopaminergic neurons. The findings suggest that the striatal dopaminergic neuron may be much more vulnerable to cerebral ischemia. Although a reduction in basal activity occurred, delayed treatment with nefiracetam restored the activity almost to the Sham level.
Col-stimulated AC activity was measured to determine whether the AC activity might respond to direct stimulation. The ME animal showed a marked reduction in Col-stimulated AC activity in the three brain regions examined. Also, in this case, the decline in striatal AC activity was most evident. The delayed treatment reversed the Col-stimulated AC activity almost to the Sham level. These findings suggest that ME results in a reduction in intrinsic AC activity in brain regions, which may be associated with an impairment of learning and memory function as described below. Nefiracetam may improve the reduction in intrinsic AC activity and/or preserve the integrity of AC.
The AC activity is coupled directly with various types of G proteins, such as Gsa and Gi 1/2 a. We measured the cerebral Gsa and Gi 1/2 a proteins of the ME and Sham rats. Cerebral Gsa and Gia proteins of the ME rat were similar to those of the Sham rat, indicating that no appreciable changes in G proteins were seen after microsphere embolism. Treatment of the ME or Sham rat with nefiracetam also did not alter the cerebral G proteins. Therefore, it is unlikely that changes in cerebral Gsa and Gia protein levels contribute to ischemiainduced changes in the cerebral AC activity in the ME rat.
Several reports have shown the possibility that the AC/cAMP/PKA signal transduction is involved in learning and memory function, and that this route connects to the nuclear CREB and stimulates the transcription of proteins that may be related to learning and memory function. For example, cAMP content increased after the performance of an inhibition avoidance learning task, 25) and overexpression of the R(AB) inhibitory subunit of PKA in mice resulted in deficits in spatial learning and in those in long-term, context-dependent fear conditioning. 26) In addition, the expression of an activating CREB isoform enhanced memory formation. 27) These findings suggest that the cAMP/PKA/CREB pathway may largely contribute to the acquisition of learning and 
